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The last decades have been characterized by a continuous evolution of hemodynamic monitoring techniques from intermittent toward continuous and real-time measurements and from an invasive towards a less invasive approach. Initially, the pulmonary artery catheter (PAC) provided clinicians with measurements of cardiac output (CO) and derived variables according to the intermittent thermodilution technique calculated from the Stewart-Hamilton principle. Few years later, a modified PAC allowing continuous monitoring of CO and of mixed venous oxygen saturation was developed. However, two major drawbacks are still charged to this modified PAC: (1) The so-called continuous measurement of CO is not a real-time measurement since it tracks the changes in CO with some delay; (2) the technique is invasive although it has clearly been demonstrated that the use of PAC does not alter the outcome of critically ill patients.\[[@ref1]\] In addition, the appropriate use of the PAC is difficult since it requires a perfect knowledge of how to measure and interpret the provided variables. For all these reasons, less invasive and simpler to use techniques such as the pulse contour analysis technique have been developed over the last 15 years. During the same period, the concept of prediction of fluid responsiveness has been developed.\[[@ref2]\] This concept has emerged since it was evidenced that only 50% of patients respond to fluid administration\[[@ref2]\] and that fluid overload is associated with increased mortality.\[[@ref3]\] The concept of prediction of fluid responsiveness has gained popularity with implementation of the arterial pulse contour analysis to CO monitoring devices for the routine managements of critically ill patients or surgical patients. These techniques allow clinicians to assess fluid responsiveness using dynamic indices such as pulse pressure variation (PPV), stroke volume variation (SVV), and real-time response of CO to passive leg raising (PLR) or to end-expiration occlusion.\[[@ref4]\] Hundreds of clinical studies repeatedly documented the superiority of such dynamic tests over static measures of preload such as cardiac filling pressures to predict fluid responsiveness.\[[@ref4]\] Three categories of pulse contour CO techniques have been successively developed: (1) Calibrated CO monitors using an indicator dilution CO measurement for calibration, (2) uncalibrated CO monitors and (3) noninvasive CO monitors. These two latter techniques, however, gain in safety what they loose in precision. The indication of each of these monitoring methods will depend on the clinical situation and, in particular, the degree of acceptability of the risks versus the need of a perfect precision of measurements \[[Table 1](#T1){ref-type="table"}\].

###### 

Compared analysis of advantages and drawbacks of hemodynamic monitoring devices
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What Hemodynamic Devices are Currently Available? {#sec1-2}
=================================================
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### Calibrated cardiac output monitors {#sec3-1}

Transpulmonary thermodilution devices

These devices contain two distinct techniques for measuring CO: Transpulmonary thermodilution and pulse contour analysis.

The transpulmonary thermodilution method performs intermittent CO measurements by applying the indicator dilution principles with temperature as the indicator. A known amount of the cold solution with a known temperature is injected rapidly into the circulation through a central venous catheter (superior vena cava territory). This cold solution mixes with the surrounding blood, and the temperature is measured downstream at the level of the femoral artery through a thermistor-tipped arterial catheter. The mathematical analysis of the thermodilution curve (blood temperature vs. time) recorded by the device allows calculation of CO and of other relevant hemodynamic variables.

Two commercially available devices can afford transpulmonary thermodilution-derived parameters. Most of the experimental and clinical experience of the literature about transpulmonary thermodilution involves the PiCCO monitor (Pulsion Medical systems, Germany). The VolumeView monitor (Edwards Lifesciences, USA) has been more recently commercialized. Both systems use the two following technologies: Transpulmonary thermodilution and pulse contour analysis. The main transpulmonary thermodilution-derived variables intermittently obtained after cold bolus injection are CO, global end-diastolic volume (GEDV) considered as a marker of preload, cardiac function index an indicator of cardiac contractility, extravascular lung water (EVLW) a marker of pulmonary edema and pulmonary vascular permeability index (PVPI) assumed to reflect the permeability of the lung capillary membrane. A good agreement between transpulmonary thermodilution and intermittent bolus pulmonary artery thermodilution was reported in critically ill patients.\[[@ref5]\] Although theoretically the conventional thermodilution method should allow more accurate measurements of CO (less indicator loss between the injection and the sampling sites), the transpulmonary thermodilution method has the advantages of being less influenced by the respiration.

The pulse contour method estimates the CO from the arterial pressure waveform analyzed at the level of the femoral artery. With the PiCCO monitor, the pulse contour CO algorithm is derived from the initial Wesseling algorithm\[[@ref6]\] and calculates stroke volume by measuring the area under the systolic portion of the arterial pressure waveform and dividing it by the aortic impedance determined at the calibration time. Compliance and resistance are updated beat-to-beat according to a proprietary algorithm taking into account the shape of the pressure wave, the position of the dicrotic notch, the systemic vascular resistance, and the arterial compliance.\[[@ref7]\] With the VolumeView monitor, another proprietary algorithm is used.\[[@ref8]\] Importantly, with both monitors, the pulse contour-derived estimation of CO is not reliable anymore if the device has not been recalibrated since a long time. This does not mean that recalibration should be made systematically every hour in every patient, but rather that during a punctual hemodynamic assessment, one should carefully recalibrate pulse contour analysis if the last calibration was done more than 1 h ago. This is particularly the case if doses of vasoactive drugs have been changed since the last calibration.\[[@ref9]\]

One major clinical interest of the transpulmonary thermodilution/pulse contour analysis monitors is to follow in real-time the short-term CO changes induced by therapeutic trials such as fluid challenge, dobutamine trial, etc., This method also provides the clinicians with dynamic indices of fluid responsiveness. The PiCCO monitor automatically calculates PPV and SVV and can display in real-time their values on its screen whereas the VolumeView monitor displays SVV only. The use of PPV and SVV is based on the concept of marked heart-lung interactions during mechanical ventilation in case of cardiac preload-dependency\[[@ref10]\] and thus of fluid responsiveness.\[[@ref11]\] In clinical circumstances where PPV or SVV are not valid, monitoring pulse contour CO during short tests as PLR and end-expiratory occlusion tests can be used to accurately predict fluid responsiveness.\[[@ref4][@ref12]\]

Lithium dilution device

The LiDCO*plus* monitor (LiDCO Ltd., London, UK) provides CO measurements using two distinct technologies: The lithium dilution and the pulse power analysis.

The lithium dilution method provides intermittent CO measurements. A small amount of lithium chloride (0.002--0.004 mmoL/kg) is injected as a bolus through a central vein catheter. The change in lithium levels is detected by blood being drawn out of a radial artery catheter over a lithium-selective sensor. The CO is then measured from analysis of the lithium dilution curve utilizing a method of integrating the changes in lithium levels over time. This technique has been validated against pulmonary artery thermodilution in humans.\[[@ref13]\] To achieve a good precision with this technique, three lithium dilution measurements should be averaged. This allows changes in CO of more than 14% to be reliably detected.\[[@ref14]\] The inconvenience of this system is the need of lithium bolus injection, which cannot be repeated infinitely.

The pulse power analysis provides a beat-to-beat measurement of CO using a radial artery catheter. As the PiCCO and the VolumeView systems, the LiDCO*plus* monitor contains a proprietary algorithm (PulseCO) for converting a pressure-based signal into a flow measurement. The PulseCO algorithm is based on the physics of conservation of mass and energy. Manual calibration of the PulseCO is performed using the lithium dilution technique. The LiDCO*plus* also allows monitoring of PPV and SVV, markers of fluid responsiveness.\[[@ref15]\] Unlike transpulmonary thermodilution devices, the LidCO plus has the advantage to be used with a radial artery catheter. However, it cannot provide thermodilution-derived variables such as GEDV or EVLW.

### Uncalibrated arterial pressure waveform analysis cardiac output monitors {#sec3-2}

The FloTrac/Vigileo system

The FloTrac/Vigileo technology (Edwards Lifesciences, USA) also allows real-time CO measurements by deriving the arterial pressure waveform recorded from an artery catheter (radial or femoral). The FloTrac has a proprietary software algorithm that analyses characteristics of the arterial pressure waveform and uses this analysis along with patient-specific demographic information\[[@ref16]\] to determine continuous CO and SVV (but not PPV). Since the FloTrac algorithm continuously adjusts for the patient\'s ever changing vascular tone, it does not require manual calibration and thus a central venous line for performing calibration. The FloTrac software provides clinicians with reliable CO measurements in the operating room setting.\[[@ref17]\] However, CO measurements are less reliable in the Intensive Care Unit (ICU) setting, especially in cases of septic shock and/or of vasopressors use.\[[@ref18][@ref19][@ref20]\]

ProAQT/PulsioFlex

The ProAQT/PulsioFlex (Pulsion Medical Systems, Munich, Germany) is a newer pulse contour analysis device. Like the FloTrac/Vigileo system, the ProAQT/PulsioFlex does not need any external calibration of pressure waveform analysis. Nevertheless and according to constructor\'s indications, it differs from the FloTrac/Vigileo in two main aspects. First, the pressure waveform analysis software is different. Second, the initial CO value from which the pulse contour analysis is started is not estimated by pulse contour analysis itself but by an innovative proprietary algorithm that performs an "auto-calibration." The algorithm uses the biometric values (age, height, and weight) as well as mean arterial pressure and heart rate. It is possible to reset CO measurement with this auto-calibration at any time. In addition, it is also possible to enter manually a value for CO measured by another technique (e.g., echocardiography). The pulse contour analysis then starts from this external calibration CO value. In practice, the device works with a standard arterial catheter, which is connected to a specific disposable pressure transducer (ProAQT), itself connected to the monitor (PulsioFlex). With the ProAQT/PulsioFlex device, PPV and SVV can also be calculated and displayed in real-time. In patients undergoing off-pump coronary artery bypass grafting, CO measured with this method was shown to be accurate and precise but the ability of this method to follow trends in CO was poor.\[[@ref21]\] Opposite results have been reported in critically ill patients where an acceptable concordance between changes in fluid-induced and norepinephrine-induced CO changes measured with the ProAQT/PulsioFlex and those measured by transpulmonary thermodilution was found.\[[@ref20]\] Further studies are necessary to know in which patients and in which specific situations this method can be used.

LiDCOrapid

This device is an evolution of the LiDCO*plus* technology that does not require any calibration. Stroke volume is calculated from the analysis of the stroke volume-induced pulsatile change in the pressure waveform. It needs a radial catheter only. The proprietary algorithm uses the biometric patient\'s characteristics to determine the starting CO value, which is then continuously updated according to the pulse power algorithm. Thus, the LiDCO*rapid* system cannot measure accurate CO values but can only display trends. However, as every uncalibrated system, there is a risk of drift of CO values, especially in cases of marked changes in arterial impedance. In this regard, only moderate concordance was reported between LiDCO*rapid* CO changes and thermodilution CO changes after liver transplantation\[[@ref22]\] or cardiac surgery.\[[@ref23]\] There is still a need for validation studies showing that the LiDCO*rapid* system can provide reliable changes in CO over time.

This system also calculates and displays PPV and SVV values in real-time. However, prediction of fluid responsiveness with these LiDCO*rapid* dynamic variables has been seriously questioned even during surgery.\[[@ref24][@ref25]\]

Pressure recording analytical method

The pressure recording analytical method (PRAM) implemented in the MostCare device (Vytech, Padova, Italy) is based on the complex theory of perturbations when analyzing the arterial pressure waveform. The MostCare is the only currently available pulse contour monitor for which neither calibration nor adjustments based on user-entered data are required. This system uses a proprietary algorithm taking into account the area under the systolic part of the arterial pressure curve and the mean arterial pressure.\[[@ref26]\] The Mostcare device measures and displays real-time CO and SVV values. Validation studies (against thermodilution) have reported divergent results.\[[@ref27][@ref28][@ref29]\]

The ability of SVV calculated by the PRAM technology to predict fluid responsiveness has been questioned in ICU patients.\[[@ref30]\] Further studies are required to make sure that this system is valid in the ICU or in the operating room.

### Oesophageal Doppler {#sec3-3}

The use of esophageal Doppler is aimed at monitoring CO by continuously measuring the blood flow in the descending thoracic aorta. Basically, the esophageal Doppler device continuously calculates the aortic blood flow value from the aortic blood velocity and the aortic diameter values. From the value of aortic blood flow, the esophageal Doppler devices infer the value of CO, based on the hypothesis that there is a constant distribution of the systemic blood flow between the upper territories and the descending aorta. It is generally considered that blood flow in the descending thoracic aorta represents around 70% of the systemic blood flow.\[[@ref31]\] Numerous studies demonstrated that esophageal Doppler aortic blood flow measurements are reliable and confirmed the validity of the CO estimation by esophageal Doppler.\[[@ref32]\] However, many limitations to the routine use of esophageal Doppler can be encountered. A first limitation is related to the fact that the distribution of CO between the upper and the lower parts of the arterial tree can change with spontaneous or therapeutic changes in hemodynamic status especially when they are associated with changes in the sympathetic tone. A second limitation of the technique is that most devices estimate but do not directly measure the diameter of the descending aorta. The estimation is based on the patient\'s characteristics such as age and body surface. Obviously, the diameter of the descending aorta cannot be constant in every condition since the aorta at this level is compliant enough to change its diameter with its transmural pressure. In this regard, a correlation between changes in mean arterial pressure and in the diameter of the descending aorta was found in critically ill patients.\[[@ref33]\] Therefore, during shock resuscitation where mean arterial pressure can change widely, changes in CO cannot be tracked by changes in such estimated descending aorta blood flow. Finally, a practical limitation of the technique is that when the patient is moving, the probe can easily move into the esophagus resulting in signal loss. Thus, the place of esophageal Doppler during complex hemodynamic resuscitation of critically ill patients is questionable, although it seems a valuable tool during the perioperative fluid management of high-risk surgical patients.\[[@ref34]\] In this regard, numerous studies demonstrated that using esophageal Doppler for goal-directed perioperative hemodynamic optimization could reduce patient\'s morbidity after surgery.\[[@ref35][@ref36][@ref37]\] In sedated critically ill patients, esophageal Doppler can be helpful for assessing short-term changes in CO, such as those induced by PLR, in order to predict fluid responsiveness.\[[@ref38]\]

In addition to the estimation of CO, esophageal Doppler measures other parameters derived from the aortic blood velocity signal \[[Table 1](#T1){ref-type="table"}\]. The flow time corrected (FTc) is often used as a marker of left ventricular preload in fluid resuscitation protocols in high-risk surgical patients, although it also depends on left ventricular afterload. Nevertheless, as a static parameter, FTc cannot reliably predict fluid responsiveness.\[[@ref39]\] The mean acceleration and the peak of velocity are quite reliable markers of left ventricular systolic function.\[[@ref40]\] Finally, the respiratory variability of aortic blood flow is a reliable marker of fluid responsiveness in mechanically ventilated patients.\[[@ref39]\]

### Noninvasive techniques {#sec3-4}

The Nexfin device

This is a totally noninvasive continuous blood pressure and CO monitor based on finger arterial pressure pulse contour analysis by an inflatable cuff around the middle phalange of a finger. The pulsating finger artery is clamped to a constant volume by applying a varying counter pressure equivalent to the arterial pressure using a built-in photoelectric plethysmograph and an automatic algorithm. The resulting finger arterial pressure waveform is reconstructed into a brachial artery pressure waveform by a specific algorithm. The CO is calculated by a pulse contour analysis method using the measured systolic pressure time integral and the cardiac afterload determined from the Windkessel model.\[[@ref41]\] It also affords a beat-to-beat estimation of arterial pressure, and hence a noninvasive estimation of PPV. Recent studies have investigated the reliability of the Nexfin device to monitor CO. In the context of the perioperative period of cardiac surgery, divergent results have been reported, although trends in CO measured by the Nexfin monitor seem to reliably reflect trends in thermodilution CO.\[[@ref42][@ref43]\] If further studies confirm the validity of this technique to monitor the trends in CO, the Nexfin device could rapidly become a popular noninvasive CO monitoring in the perioperative period. However, its interest for monitoring patients with circulatory shock is less valuable since such patients often need an arterial catheter for their routine management. In addition, the reliability of this device to track the changes in CO during a fluid challenge in critically ill patients has been seriously questioned.\[[@ref44]\] Other CO monitoring devices using noninvasive blood pressure curves will be available soon.

Impedance cardiography

This is a noninvasive technique allowing beat-to-beat estimation of CO from analysis of cyclic changes in thoracic electrical impedance induced by changes in thoracic blood volume that occur at each heartbeat. The impedance cardiography technique is based on Ohm\'s law and applies a constant, low-amplitude, high-frequency, alternating electrical current through the thorax and measures the corresponding voltage to detect changes in thoracic impedance.\[[@ref45]\] Four skin electrodes placed on the patient\'s neck and chest allow application of the electric current and four other electrodes allow measurement of the changes in voltage that result from changes in impedance. Obesity, increased thoracic fluid volume (pulmonary edema, pleural effusion), changes in thoracic blood volume induced by mechanical ventilation and cardiac arrhythmias represent the main limitations of this technique. Reliability of this technique has been questioned in spite of many refinements of the mathematical algorithms.\[[@ref46]\]

Bioreactance

In contrast to thoracic bioimpedance, which is based on measurements of voltage amplitude changes in response to a high-frequency current, bioreactance measures change in the frequency of the electrical currents traversing the thorax. This is supposed to result in a higher signal-to-noise ratio and thus in an improved performance of the device. During postcardiac surgery, the bioreactance device (NICOM; Cheetah Medical, Vancouver, WA, USA) has been compared to continuous thermodilution PAC with quite good results in terms of accuracy and precision of CO measurements.\[[@ref47]\] However, in critically ill patients disappointing results were reported.\[[@ref48][@ref49]\] Further validation studies are on-going and are necessary to establish the real place of such a technique.

How to Choose a Hemodynamic Monitoring Device in Intensive Care Unit Patients? {#sec1-3}
==============================================================================

In cases of critical situations such as circulatory shock, at least three different cardiovascular abnormalities (hypovolemia, depressed vascular tone and myocardial depression) can be involved and sometimes coexist such that it is important to assess the degree of each abnormality to select the appropriate treatment (fluids, vasopressors and inotropes). The place of echocardiography is essential to determine the type of shock and in complex patients, it is suggested to additionally use PAC or transpulmonary thermodilution.\[[@ref50]\] Although routine measurement of CO is not recommended for patients with shock responding to initial therapy, it is recommended to evaluate the CO response to fluids or inotropes in those not responding to initial therapy.\[[@ref50]\] In patients with refractory shock and right ventricular dysfunction, PAC can be used.\[[@ref50]\] in order to measure pulmonary artery pressure. In patients with severe shock especially in the case of associated acute respiratory distress syndrome, the use of PAC or transpulmonary thermodilution devices is suggested.\[[@ref50]\] The major strength of transpulmonary thermodilution is its ability to both predict the benefits of fluid administration by using dynamic tests of preload responsiveness (PPV, SVV, response of pulse contour CO to PLR or to end-expiratory occlusion) and assess the risks of fluid administration by measuring EVLW and PVPI. The superiority of dynamic indices of preload responsiveness over static markers of preload is now well-recognized.\[[@ref50]\] Less invasive devices such as uncalibrated pulse contour CO monitors are not recommended in the context of patients with shock unless they have been validated,\[[@ref50]\] which is not yet the case today.

Conclusion {#sec1-4}
==========

Although, hemodynamic monitoring has been continuously evolving towards real-time and noninvasive methods, the ideal hemodynamic monitoring device is not yet available.\[[@ref50][@ref51]\] The choice of the appropriate technique varies from patient to patient and depends on: (1) The precise clinical questions that should be answered, (2) the current clinical situation that the ICU physician is facing to, and in particular the presence of lung injury and of cardiac dysfunction, (3) a history of a cardiovascular disease, (4) the degree of acceptability of the risks versus the need of a perfect precision of measurements, and (5) the ICU physician\'s experience with either technique. The most invasive methods (PAC and transpulmonary thermodilution monitors) are these providing the greatest number of relevant parameters. Such an advanced hemodynamic monitoring should be reserved to the most severe patients with acute circulatory failure and especially those with associated lung injury and/or cardiac dysfunction as recently recommended by a consensus conference.\[[@ref50]\] The uncalibrated CO monitors and esophageal Doppler should find their place in the operating room rather than in the ICU since these devices can be favorably used in a goal-directed therapy approach during and after surgery.\[[@ref34]\] Finally, the noninvasive techniques would find their places in the emergency ward and/or the operating room.
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